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FROM PATIENTS WITH ERYTHROPOIETIC PROTOPORPHYRIA 
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Fibroblasts derived from patients with erythropoietic protoporphyria (EPP) are not 
sensitive to violet light and do not contain an excess of protoporphyrin (PP). Fibroblasts 
from both normal individuals and patients with EPP can take up very low concentrations 
of PP from culture medium. 
Cells grown in PP-containing medium showed a gradually increasing but limited uptake 
of PP and also an increased sensitivity to light. A sensitive scanning microfluorometric 
method has made it possible to demonstrate that the PP is mainly localized in the 
perinuclear granules. 
After exposure to violet light, cells photosensitized by PP in a culture medium showed 
increased membrane permeability as well as reduced reproductive capacity. Both of these 
photodamage effects can be repaired during postirradiation incubation in culture medium 
at 37°C. 
In erythropoietic protoporphyria (EPP) an in-
creased amount of protoporphyrin (PP) is found in 
erythrocytes, blood plasma, liver, and, as reported 
elsewhere [1], in suction blister-fluid. In a pre-
vious communication we reported that cultured 
fibroblasts of patients with EPP do not produce 
an excess of PP [2] . According to Baart de la 
Faille [3] and Gschnait, Wolff and Konrad [4), the 
acute inflammatory reaction in EPP is most prob-
ably due to a photodynamic effect of plasma PP 
and light on the endothelial cells, resulting in 
increased leakage of plasma through the capillary 
walls into the perivascular tissue. Studies done in 
porphyric mice revealed a similar reaction pattern 
[5] . It is still unknown how skin cells are damaged 
by violet light and PP or in which organelles this 
damage occurs. In the presence of light, protopor-
phyrin is able to oxidize some amino acids and 
unsaturated lipids in erythrocyte membranes [6] . 
Tissue culture studies done by Freeman, Murtis-
haw and Knox [7] and Fritsch et al, [8] have 
shown that not only erythrocytes but also nu-
cleated cells can be killed by the photodynamic 
action of PP. 
Among the chronic histologica l changes pro-
duced by PP in the skin, hyalinization is un-
doubtly the predominating phenomenon . The ori-
gin of the hyalin substance has not yet been fully 
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determined. Hi:inigsmann et al [5], who exposed 
porphyric mice to violet light, ascribed the occur-
rence of perivascular hyalinization in the animals' 
skin to repeated damage of endothelial cells and 
subsequent formation of basal lamina. Charles, 
Beidler, and Johnson [9) concluded from electron 
microscopical studies that, in addition to the basal 
lamina of the capillary walls, dermal fibroblasts 
may also contribute to the production of hyalin in 
EPP. These authors suggest that the metabolism 
of the fibroblasts may be disturbed by the photo-
chemical reaction due to PP, which may lead to 
the production of at least some of the important 
components of hyalin. Hi:inigsmann et a] [5] 
pointed to the proliferation of fibroblasts in EPP, 
which may result in fibrosis in a later phase of 
the disease . 
Exact data concerning the effects on fibroblasts 
of the photochemical reaction caused by PP and 
light are still scarce. The present paper reports 
the results of investigations designed to determine 
whether fibroblasts from patients with EPP are 
abnormally sensitive to violet light and to study 
the growth of fibroblasts in medium containing 
PP in concentrations comparable with those occur-
ring in the suction-blister fluid of EPP patients , 
with special attention to the question of whether 
fibroblasts have any affinity to PP. We also inves-
tigated the localization of PP, the target(s) of the 
photochemical reaction in the cell, and the ability 
of the cell to repair photodamage. 
MATERIALS AND METHODS 
Tissue culture 
Fibroblast cultures were made from tissue obtained 
by skin biopsy from the forearm of 3 young patients 
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with EPP, a ll suffering from severe photosensitivity, 
and from the foreskin of healthy young persons (cir-
cumcision specimens). These fibroblasts were cultured 
and maintained at 37°C in an atmosphere of humidified 
air with 5% CO, in modified Ham's F 10 medium [10] 
containing 15% newborn calf serum, penicillin (50 IU/ 
ml), and streptomycin (50 IU/ml), but not phenol red. 
The cells were washed with phosphate-buffered saline 
(PBS) (pH 7.2) and then trypsinized in a trypsin-EDT A 
sol ution containing 5 gm trypsin (1:250) and ·0.2 gm 
EDTA per liter, modified Puck's saline A, obtained 
from Gibco (cat . : 530). Cultures were subcultured at 4-
day intervals. 
Photosensitization 
The fibroblas ts were sensitized to violet light by the 
addition of protoporphyrin to the culture medium, 
which was refreshed every 24 hours. After the cells 
were a llowed to grow in this medium, the cultures 
were kept in PP-free PBS during the irradiation or 
dark period. 
Protoporphyrin 
Protoporphyrin dimethylester was obtained from 
Fluka and saponified according to Grinstein [11]. The 
resulting water-soluble protoporphyrin was used in the 
experiments. 
Protoporphyrin Determination 
Protoporphyrin extractions were carried out by a 
modification of the method developed by Schwartz et a l 
[12], as described elsewhere [1]. Fibroblasts of 3 pa-
tients with EPP were cultured for 4 days after which 
PP extraction was performed 3 times. 
Foreskin fibroblasts from surgical specimens of nor-
mal individuals and fibroblasts from lower-arm skin of 
patients with EPP were grown for periods of up to 24 
days in medium containing 0.25 J..Lg PP/ml before ex-
traction . Each sample to be extracted contained at 
least 5 x 10" cells, and each experiment was done in 
duplicate . 
For the quantitative determination of PP, we used 
an Aminco-Bowman spectrofluorometer as described 
earlier [1]. 
Scanning Fluorescence Microscopy 
After the fibroblasts had been cultured in the proto-
porphyrin-containing culture medium, a scanning flu-
orescence microscope (Fig 1) was used to localize the 
incorporated protoporphyrin. Scanning microfluorome-
try was performed with an automated Leitz MPVII 
fluorometer comprising a Leitz orthoplan microscope 
equipped for transmitted and incident illumination 
(provided by a Leitz fluorescence vertical illuminator) 
and a photometric attachment composed of a photome-
try tube, a housing with an EMI 9659 photomultiplier 
with an 820 cathode, and a Leitz high-voltage power 
supply . The scanning system consists of a Zeiss me-
chanical stage scanner connected to a PDP-12 computer 
(Digital Equipment). The cells under study were iden-
tified under transmitted light provided by a halogen 
quartz lamp (Philips) 12 v, 100 w). Fading ofPP can be 
limited by the use of transmitted red light, an LP 590 
filter being placed in the lamp housing. Fluorescence 
was measured with a Leitz oil-immersion objective 63 x 
N .A.l.30, an HBO 100 operated on a Leitz highly 
stabilized DC power supply being used as light source. 
The vertical illuminator was equipped for violet exci-
tation and contained an SP 425, interference filter , a 
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BG 3 (2 mm) , and an LP 395 (1 mm) as excitation 
filters , a AH 455 dichroic mirror, and an LP 610 barrier 
filter. This permits measurement of the emission spec-
trum of protoporphyrin, which has a peak at 640 nm . 
For scanning microfluorometry, the field diaphragm 
of the vertical illuminator was chosen only slightly 
larger than the measuring diaphragm, to prevent fad-
ing of the parts of the specimen that are not measured 
through the latter. The Zeiss APAMOS program was 
used to operate the scanning stage a nd to analyse the 
data [13] . The specimen was scanned with 3 J..Lm steps 
in combination with a 3 J..Lm measuring diaphragm. 
Photographs of fibroblasts stained with acridine or-
ange (concentration IQ- t; M, incubation time 5 min) 
were made with a Leitz orthoplan microscope equipped 
with an Osram Xenon lamp (150 w) and a Leitz fluores-
cence vertical illuminator. The excitation filters in-
cluded two SP 490, interference filters, one 1 mm LP 
455, and a BG 38. A dichroic mirror TK 495 was used, 
as well as an LP 510 as barrier filter. Enlargement 
was 200 times. 
Light Exposure 
To obtain a strong light source, we used a bank of 3 
Philips TL ADK 30W/03 tubes (maximum output be-
tween 400 and 440 mm) . These lamps emit no light 
with wavelengths below 360 nm or above 480 nm. The 
light energy, measured with a thermopile (Kipp), was 
0.95 mw/cm' on the surface of the monolayer. The 
Petri dishes with monolayers of fibroblasts were 
PDP12 
computer 
stage 
FIG 1. Schematic representation of a microfluoro-
meter equipped with a computer-controlled scanning 
stage (2). For searching and focussing, a halogen 
quartz tungsten lamp with a long-pass 590 nm (F2) 
filter was used for low-intensity transmitted illumina-
tion with red light, which passes through the bright 
field condensor (BC) and than through the preparation 
(P) before reaching the eye piece (EP). For measure-
ments, an HB0-100 high-pressure mercury arc lamp 
was used for epi-illumination with an SP 425 violet 
excitation filter (Fl ). The area of the illuminated field 
was slightly larger than the measuring diaphragm (MD) . The dichroic miiTor (DM) reflects the excitation 
light into the specimen but transmits the fluorescence 
light. The long-pass filters (LP) absorb unwanted exci-
tation light. The photomultiplier (PM) is connected to 
the computer (1 ). 
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washed with PBS and with buffer kept under the light 
bank. The temperature during irradiation was 28°C. 
Determination of the Eff'ect of Light Exposure on 
Fibroblasts 
The cultures were washed with PBS and trypsinized 
after an irradiation or dark period. 
The reproductive capacity was determined by subcul-
turing 150,000 cells in Petri dishes with a diameter of 
30 mm. After 4 days, the cells were harvested and 
counted in a hemocytometer. The number of cells 
produced by the irradiated cultures is expressed as a 
percentage of the cells produced by the nonirradiated 
cul tures (100%). The same method was used to test the 
li ght sensitivity of fibroblasts of patients with EPP. 
This experiment was repeated several times and was 
also done with fibroblasts from different patients with 
EPP. 
Membrane Permeability . This was tested by the ad-
dition of 0.5% trypan blue in normal saline; after 15 
min , 500 cell s were counted with the light microscope. 
These counts were used to calculate the percentage of 
unstained cells . 
RESULTS 
Protoporphyrin Content and Light Sensitivity of 
Fibroblasts Derived from Patients With EPP 
Although a very sensitive method to extract PP 
was used, no trace of PP could be detected. The 
same results were obtained in extracts of fibro-
blasts cultures from foreskin tissue of normal 
individuals. 
The experiments in which fibroblasts of patients 
with EPP were irradiated showing that inhibition 
of the reproductive capacity of these cells did not 
differ markedly from that seen in foreskin fibro-
blasts treated in the same way. In cells from 
patients with EPP the number of cells on day 4 
dropped from 550 x 10'1 in unirradiated samples to 
505 x 10a in samples irradiated for 60 min. The 
corresponding values for normal fibroblasts were 
555 x W3 and 505 x 103 . 
Uptake of Protoporphyrin by Fibroblasts 
The addition of PP to the culture medium in 
increasing concentrations (0.25 to 1.25 1-'-g PP/m]) 
led to increasing inhibition of fibroblast multipli-
cation when the PP was added to trypsinized cell s. 
This inhibition was rather weak when the PP 
was added to cells growing in a monolayer (Fig 2). 
Fibroblasts from both normal foreskins and pa-
tients with EPP have some affinity to PP. How-
ever, this did not result in a time-related increase 
of the PP content of cells. The PP content of 
fibroblasts cultivated in medium containing 0.25 
1-'-g PP/ml for up to 22 days, determined by extrac-
tion, varied from 0.003 1-'-g to 0.007 1-'-g PP in 5 x 
10" cells. The concentration usua lly used (0.125 
J-1-g/ml) did not disturb growth, even after pro-
longed culture. 
Fig 3 shows that the various PP concentrations 
in the culture medium are reflected in the flum·es-
cence intensities of the perinuclear areas or the 
nucleus. Particularly the perinuclear areas, which 
are rich in granules, showed strong fluorescence. 
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FIG 2. Influence of protoporphyrin CPP) in the me-
dium on the growth rate of fibroblasts. Abcissa: amount 
ofPP present in the culture medium. Ordinate: number 
of cells after 4 days, in medium with the indicated 
amount of PP, expressed as a percentage of the number 
of cells produced by the cells cultivated in medium 
without PP (100%). e--e: PP added to cells growing 
in monolayer. 0 -- - 0 : PP added at inoculation. Each 
point represents the mean value of two experiments. 
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FIG 3. Linear regression between fluorescence and 
protoporphyrin (PP) concentration in culture medium, 
as calculated for two typical experiments (A and B). 
The correlation coefficients (r) were calculated. All 
measured values were included in the calculations. 
For the nuclear fluorescence (0--0; A--A), we 
found: fluorescence = 5 + 55 PP concentration (JLgfml) 
- r = 0.92 and fluorescence = 0. 7 + 33 PP concentra-
tion - r = 0.94, respectively. For the perinuclear area 
(0--0; •--e): fluorescence = 22 + 108 PP concen-
tration - r = 0.87 and fluorescence = 14 + 59 PP 
concentration - r = 0.89, respectively . The intercepts 
showed zone variation due to differences in autofluores-
cence. A: perinuclear fluorescence 0--0; nuclear 
fluorescence 0--0; B: perinuclear fluorescence 
•--e; nuclear fluorescence A-- A. 
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The cytoplasm of the "tails" of the cells usua lly 
showed very few granules a nd on ly a weak flum·es-
cence. From the distinctly increased r ed fluores-
cence at higher PP concentrations in the culture 
meclium we concluded that the measured fluores-
cence is due to a high PP concentration in the cell 
a nd not to differences in autofluorescence of cellu-
lar constituents. 
To investigate the granules, fibroblasts were 
cultured and stained with acricline orange. Most 
of the granules took up the dye as shown in Fig 4. 
In general , the perinuclear zones rich in stained 
granules corresponded rather well with the peri-
nuclear zones in which scanning microfluorometry 
showed strong PP fluorescence . To localize the PP 
taken up by the cells from the culture meclium, 
we scanned th ese cells as well (Fig 5). 
S ensitivity to Violet Light 
Cells grown in a meclium containing 0.125 1-Lg 
PP/ml for 1, 2, or 3 days were irracliated. The 
effect of irracliation was greater the longer the 
cells were cultivated in PP-containing meclium, 
as shown by Fig 6. Violet light had only a slight 
influence on fibroblasts grown in meclium without 
PP. The irracliated cells showed a strongly de-
FIG 4. Fluorescence micrograph of human foreskin 
fibroblasts . In the cells stained with acridine orange 
the nuclei are clearly visible and there is conspicuous 
staining of the lysosomes in the cytoplasm (reduced 
from x 200). 
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Frc 5. Cross-section of a fluorescence scan line with 
3 JLm steps, for a typical cell, showing a relatively low 
red fluorescence intensity in the nuclear range and 
relatively high fluorescence values in the perinuclear 
area rich in granules. N = nucleus; PN = perinuclear 
area with granules; C = cytoplasm. 
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creased reproductive capacity, and the samples 
tested with trypan blue showed a high percentage 
of nonviable cells (Fig 7). Both of these phenomena 
became much less pronounced when irra cliated 
fibroblasts were incubated for 3 hours. 
Restoration of Damage 
The degree of repair of the da m age caused by 
the irradiation increased with increasing duration 
of the incubation in serum-containing meclium at 
37°C. Under less favorable growth conclitions, e .g., 
incubation in PBS or at 4°C, there was no repair 
at all and the damaging effect was increased (Fig 
8 and 9). 
DISCUSSION 
Cultured fibroblasts are very suitable for the 
study of enzymatic disturbances or the effect of an 
excess of certain substrates in genetic clisorders, 
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FrG 6. Relationship between the duration of the 
growth period for fibroblasts in protoporph;YJ:in (PP)-
containing medium and their sensitivity to v10let light. 
Abcissa: Irradiation time. Ordinate: number of cells 
produced in 4 days by 150,000 cells inoculated immedi-
ately after irradiation. e--e : cell s grown for 72 hr 
in medium without PP. !:::.--!:::.: cells grown for 24 hr 
in medium containing 0.125 /Lg PP/ml. 0--0: cells 
grown for 48 hr in medium conta ining 0.125 /Lg PP/ml. 
0- - -0: cells grown for 72 hr in medium containing 
0.125 JLg PP/ml. The arrow indicates the point at which 
longer irradiation times led to numbers of cells too low 
to be estimated. Each point represents the mean of 2 
experiments. 
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FIG 7. Relationship between irradiation time, num-
ber of cells produced by the inoculated cells in 4 days, 
and number of cells which did not take up trypan blue. 
The foreskin fibroblasts (grown in medium with 0.125 
J.A,g protoporphyrin/ml) were irradiated for 50 mm, 
trypsinized, and 150,000 inoculated immediately after 
irradiation. At the same time samples were taken for 
staining with trypan blue: after irradiation duplicate 
dishes were incubated in medium for 3 lu· at 37°C, and 
then tr:ypsinized and subcultured as for the other series. 
The ordmate shows the o/o cells produced after 4 days; 
here, 100% equals 485,000 cells. 0-- - 0: o/o unstained 
unincubated cells. 6.- - - 6.: o/o unstained cells incu-
bated for 3 hr. 0--0: irradiated, not incubated. 
•--e: irradiated, incubated for 3 hr. The arrow indi-
cates the point at which longer irradiation times led to 
a number of cells too low to be estimated. 
as well as for investigation of the reaction of cells 
to such environmental factors as light. In our 
experiments with fibroblasts from patients with 
EPP, increased production of PP could not be 
demonstrated. The sensitivity to light was nor-
mal. The cells used in these studies were culti-
vated in H am's F 10 medium under standard 
conditions. Our results do not necessarily mean , 
however , that fibroblasts of patients with EPP 
a re completely norma l, either genetica lly or enzy-
matically. Bonkowski et al [14] recently reported 
a normal PP conten t in cultured EPP fibroblasts , 
but found a strongly decreased heme synthetase 
activity in these cells. 
Under certain conditions, e.g., after the addi-
tion of certain chemical compounds , overproduc-
tion of PP can be induced. This has been demon-
strated by Romeo, Kaback a nd Levin [15] in 
fibroblasts from patients with congenital erythro-
•;. 
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FIG 8. Relationship between incubation time in 
medium with serum and repair of damage. Fibroblasts 
grown in medium containing 0.125 1'-g protoporphyrin/ 
ml were irradiated for 30 mins; 1 series was trypsinized 
and subcultured (150,000 cells) immediately after irra-
diation, the other series after incubation in medium at 
37°C or 4°C. The same procedure was followed for cells 
held in phosphate buffer for 30 min in the dark. Counts 
we1·e performed on the 4th day. Here, 100% equals 
550,000 cells. •-- e: not irradiated, incubated at 
37°C. 0--0: not irradiated, incubated at 4°C. 
6.--6.: irradiated 30 min, incubated at 37°C . .a.--.A.: 
irradiated 30 min , incubated at 4°C. The arrow indi-
cates the point at which longer incubation times led to 
numbers of cells too low to be estimated. Each point 
represents the mean of 2 experiments. 
poietic prophyria. Our experiments h ave shown 
that fibroblasts grow at a normal rate when the 
culture medium contains an amount ofPP similar 
to t hat demonstrated in suction-blister fluid of 
patients with EPP, up to 0.25 J.Lg/ml [1]. Higher 
concentrations are toxic (Fig 2). At relatively low 
PP concentrations, fibrobl asts a re able to take up 
PP from the culture medium , but the uptake is 
limited and th e maximum level is reached after 3 
to 4 days . 
After th e fourth day, the PP levels diverge. The 
PP uptake seems to depend on biological factors, 
such as the batch of calf serum, as well on the 
instability of PP [1 ,16]. Fritsch eta! [8], who u sed 
mice fibroblasts and hematoporphyrin concentra-
tions of up to 20 J.Lg/ml medium, demonstrated 
that these cells have an affinity to hematopor-
phyrin . Kosaki , Ikeda, and Sake [17] found that 
when incubated in medium containing high con-
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FIG 9. Relationship between incubation time in 
phosphate buffer and repair of damage. Cells were 
cultivated and irradiated as described for Fig. 4, and 
the further procedure was also the same. Here, 100% 
equals 465,000 cells. •--• = not irradiated, incu-
bated at 37•c. X--X = not irradiated, incubated at 
4•c. 6- - - 6 = irradiated, incubated at 37•c. A--A 
= irradiated, incubated at 4•c. The arrow indicates 
the point at which longer irradiation times led to 
numbers of cells too low to be estimated. Each point 
represents the mean of2 experiments. 
centrations of PP, various tissues are able to take 
up PP, which accumulates in various cell organ-
elles. Our finding that fibroblasts can also take 
up PP when the PP concentration is relatively 
low (i.e., within the range of the PP levels in 
suction-blister fluid of patients with EPP) has not 
been reported previously. If we assume, on the 
basis of the measurements performed by Bowman, 
Meek, and Daniel [18], that the volume of 5 
million fibroblasts is on average 5 x 3 x 10'1 J..La = 
15 J..Ll and that these cells will contain, as indicated 
by our extractions, approxitely 0.004 J..Lg PP, and 
15 J..Ll growth medium contains 0.00375 J..Lg PP 
(0.25 J..Lg PP/ml), we may conclude that the PP 
content of the cells lies in about the same range 
as the PP content of the culture medium. There-
fore, the cells cannot have accumulated PP in 
large amounts. 
The use of microfluorometry to demonstrate 
relatively low PP concentration in cultured cells 
has been hampered because PP fades very rapidly 
under strong illumination centered in the measur-
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ing beam. This fading can be avoided by the use 
of scanning microfluorometry, since only a very 
small area (a few J..Lm2) of the cell is illuminated 
for a very short period (30 msec). In addition, 
scanning microfluorometry provides essential in-
formation about the distribution of PP within the 
cell. 
The fluorescence we observed was much 
stronger than is seen in cells grown without PP, 
and the intensity was strongly correlated with 
the PP concentration in the culture medium. From 
these findings it may be concluded that the fluo-
rescence was due to PP taken up by the cells. All 
of the concentrations used in the culture medium 
led to a significantly stronger fluorescence in the 
perinuclear granules than in the nucleus itself, 
which indicates that the PP had penetrated into 
the cell. The fluorescing dye acridine orange 
stained the granules orange (Fig 4). According to 
the literature [19], most of the granules that take 
up acridine orange may be considered lysosomes. 
On this basis we think that the PP is probably 
accumulated predominantly in or on lysosomes. 
Studies done with red blood cells from patients 
with EPP [6,20-22] have provided most of the 
available information on the photodynamic action 
ofPP at a cellular level. The most commonly used 
criteria for damage on these cells are loss of 
hemoglobin and K+ effiux resulting from photo-
chemically damaged membranes. To investigate 
the influence of li ght, we chose as criteria not 
only the membrane damage demonstrated by try-
pan blue uptake but a lso the reproductive capacity 
of the cells. Both phenomena, i.e., membrane 
damage and decreased reproduction, occurred 
rather synchronously, as can be seen from Fig 7 
and 8. The cell damage increased strongly when 
the fibroblasts were held at a low temperature 
(4°C) in a monolayer after irradiation . These cells 
also showed increased permeability and decreased 
reproductive capacity when the temperature was 
optimal (37. C) but PBS was used instead of cultw·e 
medium during the incubation period (Fig 9). 
To expla in the observed photodamage effect on 
the cell membrane, the decreased reproductive 
capacity, and the repair of sublethal photodamage 
in a favourable postirradiation environment, 2 
possibilities can be offered. Since PP is taken up 
by the cells and is accumulated in or on the 
perinuclear granules, it seems highly probable 
that photodamage can occur not only on the cell 
membrane but also within the cell, where lyso-
somes and DNA are well-known potential targets 
for photo-oxidation [23-25]. That both cellular 
DNA repair and cell-membrane repair can occur 
after photodynamic damage has been shown by 
Jacob [26, 27] in studies with Proteus mirabilis. 
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